Background. In five chronically instrumented conscious dogs, we studied the effects of rapid pacing on sustained electrically induced atrial fibrillation.
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Background. In five chronically instrumented conscious dogs, we studied the effects of rapid pacing on sustained electrically induced atrial fibrillation.
Methods and Results. Twenty-three unipolar atrial electrograms were recorded simultaneously from the bundle of Bachmann and the lateral wall of the right and left atria. During sustained atrial fibrillation, the surface electrocardiogram showed continuous irregularities of the baseline without P or F waves as well as an irregular ventricular rhythm with narrow QRS complexes. The atrial electrograms showed rapid irregular activity with a median cycle length of 85+8 msec and a range (P5-95) of 33+18 msec. Overdrive pacing of atrial fibrillation was performed using symmetric biphasic rectangular stimuli (2-msec duration, sixfold that of threshold) applied to a pair of stimulating electrodes at the left atrial appendage. Stimulation was started at pacing intervals of about 10 msec longer than the local median fibrillation interval and subsequently shortened in steps of 1 msec. At a critical pacing interval slightly shorter than the median fibrillation interval, the atrium around the pacing site was suddenly captured by the electrical stimuli. The area of local capture had a diameter of 6.1±.1.6 cm. The time window of capture was 12±4 msec.
Conclusions. These observations show that during electrically induced atrial fibrillation in chronically instrumented conscious dogs, a short excitable gap is present, permitting regional control of the fibrillatory process by rapid pacing. (Circulation 1991;84:1689-1697) P rogrammed electrical stimulation has proven to be a powerful tool in the diagnosis and treatment of various cardiac arrhythmias.1-5 Reentrant arrhythmias like atrial flutter and ventricular tachycardia often can be initiated and terminated by one or more properly timed premature stimuli, whereas rapid pacing at a higher rate than the reentrant tachycardia can entrain and terminate these arrhythmias.6,7 In contrast, attempts to terminate atrial or ventricular fibrillation by local pacing have failed. This has led to the common opinion that fibrillation cannot be influenced by local electrical stimulation.8 9 As proposed by Moe et al10-12 later experimentally confirmed by Allessie et al,'3 atrial fibrillation is based on multiple wandering wavelets that randomly reenter areas soon after they have recovered excitability from previous activation by another wavelet. As a result, the atrium is activated at a very high rate, and local atrial electrograms constantly vary in both configuration and cycle length. (Figure 1 ). Biphasic stimulation was used to minimize polarization of the electrodes by alternating anode and cathode. All dogs were studied under unrestrained conditions. Atrial fibrillation was induced by a 2-second burst of stimuli with a cycle length of 20 msec. The duration of the episodes of fibrillation varied from several minutes to more than 3 hours, after which sinus rhythm resumed. After atrial fibrillation had lasted for at least 15 minutes, local electrical stimulation of the left atrial appendage was started. Fixed rate pacing was started at a cycle length of 10 msec longer than the average local fibrillation interval. Subsequently, the pacing interval was gradually shortened in steps of 1 msec up to the shortest fibrillation interval. This procedure was repeated several times at different days to study the variability of the observed phenomena. All electrograms were stored on magnetic tape for off-line analysis. The steepest negative deflection of the electrograms was taken as the moment of local activation.
Results

Characteristics of Electrcally Induced Atrial Fibrillation
Long-lasting episodes of sustained atrial fibrillation were induced by a short burst (2 seconds) of stimuli (interval, 20 msec) applied to the left auricle. In Figure 2 , a surface electrocardiogram (leads I, II, and III) is given during sinus rhythm and an episode of sustained atrial fibrillation. During sinus rhythm, the P waves were positive in all leads and normal in amplitude and duration. During atrial fibrillation, the ventricular rhythm was totally irregular with narrow QRS complexes of the same morphology as during sinus rhythm. Regular P or F waves were absent, and the electrocardiogram showed continuous irregular fluctuations of the baseline. Thus, all classic electrocardiographic criteria of atrial fibrillation were fulfilled. In Figure 3 configuration of the successive electrical responses varied continuously. In Figure 4 , the temporal varia- Figure 5 . In this example, the left atrial appendage was paced with a constant interval of 78 msec (top). The three unipolar electrograms were recorded simultaneously from electrodes on the bundle of Bachmann at distances of 1, 2, and 3 cm from the stimulating electrodes. During atrial fibrillation (left part of tracings), the electrograms varied constantly in morphology and cycle length.
Atrial Fibrillation The first eight stimuli did not affect the fibrillatory process because they were falling in the absolute refractory period because the atrium in the vicinity of the pacing site was activated shortly before by one of the fibrillatory impulses. At a certain moment, howAtrial Fibrillation 1 cm 2 cm 3 cm ever (asterisk), the first electrogram recorded at 1 cm from the pacing site suddenly became phase-locked to the stimulus artifact and, simultaneously, the configuration of the electrogram became constant. Two cycles later, the second electrogram recorded 2 cm from the site of stimulation showed the same phenomena, suggesting regional capture of the fibrillating atria. During capture, the difference in activation time between the first and second electrograms was constant (11 msec), indicating regular propagation of a wave front from the site of pacing with a conduction velocity of 91 cm/sec. The third electrogram recorded at a distance of 3 cm from the pacing site showed a different response. During some cycles, the electrogram appeared to be in phase with the stimulus artifact. However, at other moments, it was clearly out of phase, and the configuration of the electrogram varied. Apparently, 3 cm from the site of stimulation, the atrium was not always activated by the wave front originating at the pacing site, but the perturbations in cycle length and morphology of the electrogram indicate occasional activation by fibrillatory wavelets. In other experiments, similar results were obtained. In all dogs, the average distance from the site of pacing that could be captured was 3.1±0.8 cm.
Time Window of Capture
Once local capture of atrial fibrillation had been achieved, the pacing rate could be varied within a narrow range without loss of capture. In Figure 6 shorter cycles (top and bottom tracings) resulted in loss of capture revealed by the variation in configuration of the electrogram and total dissociation between stimulus artifacts and atrial responses. Thus, in this example, atrial fibrillation could be captured within a time window of 13 msec. In all experiments (n = 16), the average longest pacing cycle at which capture was maintained was 84±5 msec. This was slightly longer than the median fibrillation interval at the pacing site in the left atrium of 82±6 msec. Apparently, as soon as more than 50% of the fibrillation cycles were shorter than the pacing interval, capture of atrial fibrillation was lost. The time window of capture ranged from 6 to 19 msec with a mean of 12±4 msec. Using stimuli of less than six times diastolic threshold resulted in smaller time windows of capture, whereas higher stimulus intensities did not lengthen the measured excitable gap during fibrillation. Termination of atrial fibrillation by local pacing was never observed.
Area of Capture
The area of local capture of fibrillation was dependent on the pacing interval. In Figure 7 , six electrograms are shown recorded from the bundle of Bachmann, the left atrial appendage, and the left lateral wall. In the three panels, atrial fibrillation was captured with cycle lengths of 80, 74, and 69 msec, respectively. During pacing with a cycle length of 80 msec (left panel), all electrograms were phase-locked to the stimulus artifact and showed a constant morphology, indicating that almost the entire left atrium was captured. When the pacing interval was shortened to 74 msec (middle panel), the electrodes located far from the site of pacing (bundle of Bachmann and left lateral wall) became dissociated from the stimuli and showed electrograms of varying morphology. When the pacing interval was further shortened to 69 msec (right panel), synchronization close to the pacing site was still maintained, but most electrograms now varied in morphology suggesting beat-to-beat changes in local activation. In other experiments, similar results were obtained. Thus, increase of the pacing rate resulted in a reduction of the area of local capture, the largest portion of the atrium being captured during pacing with the longest possible cycle length.
Loss of Capture Figure 8 shows a single atrial electrogram recorded 1 cm from the site of pacing during sustained atrial fibrillation and loss of atrial capture by pacing either too slowly or too fast. When the pacing interval was gradually lengthened to 81 msec during stable capture, the atrial electrogram suddenly changed in morphology, and capture was lost (arrow). Obviously, pacing at a too slow rate allowed one of the fibrillatory wavelets to penetrate the area of capture and to prematurely activate the tissue under the stimulating electrodes. As a result, the electrical stimuli became ineffective because they were falling in the absolute refractory period of the atrial fibers. Because a fixed pacing rate was used, failure of a single stimulus to excite the atrium led to complete loss of capture because the stimuli and the atrial activation were thrown out of phase. After loss of capture by pacing too slowly, the average fibrillation interval was similar to during control (79 versus 78 msec). Tracing C shows loss of capture after gradual shortening of the pacing interval to 67 msec. Again, the atrial electrogram suddenly became irregular in morphology, and synchronization with the stimulus artifact was lost (arrow) . Opposite to what we expected, however, loss of capture during incremental pacing was not due to primary failure of one of the stimuli to excite the atrium at a critical rate. If that were the case, failure of one of the stimuli to excite the atrium should have resulted in a prolonged interval at the moment of loss of capture. However, during loss of capture, a shorter interval was always observed (arrow). In all experiments (n= 16 The observation that the area of local capture was limited to a distance of about 3 cm from the site of pacing might be due to spatial dispersion in the duration of the refractory period.26,27 The slightly lower rate of fibrillation in the right atrium can be explained by a somewhat longer refractory period in the right atrium.22 At the site of stimulation (left atrium), the longest pacing interval with which capture could be maintained was limited by the median fibrillation interval. Because of the somewhat longer refractory period in the right atrium, the slowest rate of capture of the left atrium was presumably too fast for the right atrium to follow in a 1:1 fashion. In this way, further extension of the area of capture toward the right atrium is limited by the occurrence of local intra-atrial conduction block of the propagating stimulated wave front.
Future Implications
Although we never succeeded in terminating atrial fibrillation by pacing, the possibility of controlling a considerable part of the atria by local electrical stimulation may provide a clue for alternative forms of electrical treatment of atrial fibrillation. In the present study, the atrium was captured over a distance of approximately 3 cm from the site of stimulation. Obviously, the area of capture was too small to terminate fibrillation because sufficient tissue mass was still involved in the fibrillatory process. If, however, the area of capture could be enlarged, the remaining fibrillating part of the atria might become so small that it can no longer sustain the fibrillatory process and atrial fibrillation might be terminated by local pacing. Although it is clear that we are still far from this option, there are several possible ways of improving the present pacing protocol. First, instead of using an independent fixed-rate pacemaker, sensed pacing might be used. A major limitation of fixed-rate pacing is that as soon as one of the applied stimuli fails to excite the atrium, capture of atrial fibrillation is completely lost. However, if failure of a single stimulus could be sensed, complete loss of capture might be prevented by resetting the moment of the next stimuli. This might enable capture of atrial fibrillation at slower pacing rates than during fixed-rate pacing. Because we have found that the area of capture is larger at slower pacing rates, in this way the area of capture might be effectively increased. Another obvious way to try to control a larger portion of the fibrillating atria is to pace at multiple sites. Whether local pacing of atrial fibrillation will become of clinical consequence will in large part depend on the effects of these changes in pacing technique.
